How calcium signals in myocytes and pericytes are integrated across in situ microvascular networks and control microvascular tone  by Borysova, Lyudmyla et al.
H
i
L
a
b
a
A
R
R
A
A
K
M
P
C
E
M
1
i
5
m
A
c
l
(
b
v
n
0
hCell Calcium 54 (2013) 163– 174
Contents lists available at ScienceDirect
Cell  Calcium
j ourna l h o mepage: www.elsev ier .com/ locate /ceca
ow  calcium  signals  in  myocytes  and  pericytes  are  integrated  across
n  situ  microvascular  networks  and  control  microvascular  tone
yudmyla  Borysovaa, Susan  Wraya, David  A.  Eisnerb, Theodor  Burdygaa,∗
Department of Cellular and Molecular Physiology, Institute of Translational Medicine, University of Liverpool, Crown Street, L69 3BX, UK
Unit of Cardiac Physiology, University of Manchester, 3.18 Core Technology Facility, 46 Grafton Street, Manchester M13  9NT, UK
 r  t i  c  l  e  i  n  f  o
rticle history:
eceived 15 April 2013
eceived in revised form 30 May  2013
ccepted 1 June 2013
vailable online 16 July 2013
eywords:
yocytes
ericytes
a2+ signalling
ndothelium
icrovascular networks
a  b  s  t  r  a  c  t
The  microcirculation  is  the  site  of  gas  and  nutrient  exchange.  Control  of  central  or local  signals  acting  on
the  myocytes,  pericytes  and  endothelial  cells  within  it,  is  essential  for  health.  Due  to  technical  problems
of  accessibility,  the mechanisms  controlling  Ca2+ signalling  and  contractility  of myocytes  and  pericytes  in
different  sections  of  microvascular  networks  in  situ  have  not  been  investigated.  We  aimed  to  investigate
Ca2+ signalling  and  functional  responses,  in  a microcirculatory  network  in  situ.  Using  live  confocal  imag-
ing  of ureteric  microvascular  networks,  we  have  studied  the  architecture,  morphology,  Ca2+ signalling
and  contractility  of  myocytes  and  pericytes.  Ca2+ signals  vary  between  distributing  arcade  and  down-
stream  transverse  and  precapillary  arterioles,  are modiﬁed  by agonists,  with  sympathetic  agonists  being
ineffective  beyond  transverse  arterioles.  In myocytes  and  pericytes,  Ca2+ signals  arise  from  Ca2+ release
from  the  sarcoplasmic  reticulum  through  inositol  1,4,5-trisphosphate-induced  Ca2+ release  and  not  via
ryanodine  receptors  or Ca2+ entry  into  the  cell.  The  responses  in  pericytes  are  less oscillatory,  slower  and
2+longer-lasting  than  those  in  myocytes.  Myocytes  and  pericytes  are  electrically  coupled,  transmitting  Ca
signals  between  arteriolar  and  venular  networks  dependent  on  gap  junctions  and Ca2+ entry  via L-type
Ca2+ channels.  Endothelial  Ca2+ signalling  inhibits  intracellular  Ca2+ oscillations  in  myocytes  and  peri-
cytes  via  L-arginine/nitric  oxide  pathway  and  intercellular  propagating  Ca2+ signals  via EDHF.  Increases
of  Ca2+ in  pericytes  and  myocytes  constrict  all  vessels  except  capillaries.  These  data  reveal  the  structural
and  signalling  specializations  allowing  blood  ﬂow to be  regulated  by  myocytes  and  pericytes.
 2013©
. Introduction
The microcirculation consists of precapillary arterioles, capillar-
es and postcapillary venules, whose diameters range from 5 to
0 m.  The microcirculation is essential for homeostasis and tissue
etabolism and has been implicated in a range of pathologies [1,2].
ttention has therefore been focussed on the role of the different
ells within these microvessels; the myocytes, pericytes, endothe-
ial cells and how they are affected by central and local agents
neuronal, hormonal and paracrine), and how their signals might
e integrated to produce the appropriate functional responses, i.e.
asomotion, vasoconstriction or vasodilation [3–6]. Many tech-
iques, particularly microscopic, have been used to address these
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questions, but the relative inaccessibility and small, delicate nature
of the vessels has precluded comprehensive studies.
Previous studies have suggested heterogeneity in microvascu-
lar perfusion [3,4,7–9], as local factors, such as shear stress and
metabolites, inﬂuence the information impinging from the auto-
nomic and endocrine systems [9–14]. While it is clear that the
vessels of the microcirculation have to integrate multiple signals
to perform their physiological function [9,15], the mechanisms
that regulate them are largely unknown. From recent studies it
seems likely that responses to central and local vasoconstrictors
will be site speciﬁc and lead to spatially modulated changes in ﬂow
through the microcirculation [16], but detailed explanations are
lacking. In vivo observations support the suggestion that the micro-
circulation is composed of functionally distinct vessel segments
arranged in series. For example, the penetrating transverse arteri-
oles undergo extensive vasomotor activity in response to different
agonists and can completely constrict thereby stopping blood ﬂow
[9].
Open access under CC BY-NC-SA license. Our knowledge of the Ca2+ signals in the individual cell types
of the intact microcirculation is rudimentary. This is especially the
case for pericytes, the cells that have recently been shown to affect
diameter in capillaries [16–26] and venules [27–30]. Pericytes have
 license. 
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een described differently depending upon where they have been
solated from, but there has been no systematic study of identi-
ed cells in the intact microcirculation, and thus we do not know
f contraction and Ca2+ rises are a universal or a restricted func-
ion of pericytes populations [16,20,22,31–36]. There are known
o be physiological differences in the responses of pericytes and
yocytes to vasoactive substances [16,20], but this has not been
elated to their contractile activity and Ca2+ signals. Furthermore
he mechanism underlying the Ca2+ signals in the two  cell types
emains to be established. Studies on isolated arteriolar fragments
ave suggested that ryanodine receptors (RyR) and L-type, voltage-
ated Ca2+ channels are unimportant in arterioles less than 18 m
n diameter [37], but this is hard to relate to identiﬁed vessels
n intact preparations. Nothing is known about the mechanisms
roducing Ca2+ rises in postcapillary venules.
Another important question is how or indeed if, signalling in
yocytes and pericytes is integrated across the microvascular
etwork. Coordination of vasomotor activity within and among
icrovascular networks is integral to the local control of tissue
lood ﬂow [15]. Vasoconstriction initiated at a local site can con-
uct along arterioles for several millimetres and manifests as the
ransmission of electrical signals from cell to cell through gap
unction channels [8,15,38]. Recent electrophysiological data [26]
emonstrated a direct electrical coupling between capillary per-
cytes and myocytes of upstream arterioles suggesting that the
hole microvascular network could behave as a single unit (elec-
rical syncytium) propagating electrical signals in both directions.
Many studies suggest that the endothelial cell-dependent
ilatory pathways are involved in the spatial control of ﬂow dis-
ribution at the microcirculatory level [15]. In vivo studies suggest
hat endogenous NO is a modulator of the regional microvascu-
ar tone but is not playing a role in the mediation of functional
yperaemia [9,11]. In contrast, endothelium derived hyperopolar-
zing factor (EDHF) was shown to be a key player in functional
yperaemia conducting vasodilator signal from metabolically sen-
itive parts of microvessels to upstream distributing arterioles and
eed arteries [15]. The microvascular wall therefore appears to be
 functional unit with unique physiological proprieties. In order
o understand the mechanisms controlling blood ﬂow at differ-
nt levels of the microvascular network, detailed investigation is
eeded of the mechanisms of interplay between endothelial cell
a2+ signalling, responsible for production of vasodilator agents,
ith Ca2+ signalling and contractility of myocytes and pericytes
nduced by different vasoconstrictors. The aim of the present work
as therefore to make use of the ability to resolve all cell types of
he different levels of the ureteric microvasculature and character-
ze and investigate the mechanisms controlling the regulation of
ntracellular calcium and links to contraction.
. Methods
.1. Animals and ureteric tissue samples
The experiments were performed on Wistar rats of both sexes
3–4 months old). All animals were treated in accordance with local
nstitutional guidelines. Following euthanasia, whole ureters from
at of either sex were dissected and cleaned of fat and connective
issue, cut into small segments (4–5 mm long) and placed in normal
rebs solution until further use.
.2. Calcium and diameter measurementsUreteric tissue samples were loaded with Fluo-4 acetoxymethyl
ster (Invitrogen, UK, 15 M,  dissolved in DMSO with 0.1% pluronic
-127) for 3 h at 23 ◦C and then transferred to indicator-freem 54 (2013) 163– 174
solution for ≥30 min. Fluo-4 loaded segments of ureter were
transferred to a custom-made perfusion chamber mounted on the
stage of inverted Olympus microscope. Superfusion of the ureteric
segments in the chamber was performed by applying a positive
pressure valve controlled ﬂow of solution via a 1 mm diameter
tip attached to a 3-d mechanical manipulator (Narishige, Japan)
which allowed to position the superfusion tip in a desired region
of the chamber. Solution was removed by suction at the other
end of the chamber. All experiments were performed at 30 ◦C.
We used a Nipkow disc, confocal microscope [39,40] (Ultraview,
Perkin Elmer), connected to an iXon cooled charge-coupled device
camera (Andor Technology, UK). Andor Technology iQ or iQ2 data
acquisition software was  used for 2- and 3-dimensional confocal
imaging of ureteric microvascular networks in situ. Images were
collected at 33–66 frames per second using a ×60 water objective
(NA 1.20) for spatial resolution or dry (×10, NA 0.42; ×20, 0.70 NA)
for a larger ﬁeld of view. To measure elemental events and Ca2+
waves in myocytes and pericytes, tangential sections were used,
whereas radial sections through the centre of the microvessel were
used to measure Ca2+ events in myocytes, pericytes, endothelial
cells and changes in vessel diameter. Mechanical activity of indi-
vidual smooth muscle cells was  tracked by putting the region of
interest close to the edge of the contracting cell. It was possible to
correlate Ca2+ signalling with contraction of individual myocytes
and pericytes in both radial and tangential sections.
2.3. Solutions
Physiological saline of the following composition was  used
(mM):  NaCl 136, KCl 5.9, MgSO4 1.2, CaCl2 2, glucose 11.5, and
HEPES 11. Solutions with increased [K+] were obtained by replacing
Na+ by equimolar K+. The Ca2+-free solutions contained 2 mM EGTA.
2-Aminoethoxydiphenyl borate (2-APB), ryanodine, and U-73122,
were from Calbiochem (Nottingham, UK), all other chemicals were
from Sigma. Phenylephrine, endothelin-1 (ET-1), ryanodine, Na
nitroprusside, were dissolved in water; 2-APB, BayK 8644, S-
nitroso-N-acetyl-dl-penicillamine (SNAP) in DMSO; and nifedipine
in ethanol.
2.4. Statistics
A paired Student’s t-test was  used to test for signiﬁcant dif-
ferences between means. All statistical values are expressed as
mean ± SEM.
3. Results
3.1. Microvascular networks in situ
Fig. 1 shows that we can clearly identify the cell types present in
the vessel walls at all levels of the microcirculation. This has enabled
us to make the ﬁrst comprehensive study of the in situ morphol-
ogy of myocytes and pericytes, clearly identiﬁed in the different
vessels of the microcirculation. We  ﬁnd that pericyte morphology
and contractility vary speciﬁcally with their location, as discussed
below.
The arrangement of the microcirculatory network in the ureter,
as with other tissues, [41,42] begins with feed arteries in the
adventia (Fig. 1A and B; Supplementary Movie 1). These lead to
interconnected arcade arterioles (AA, 18–35 m)  and penetrat-
ing transverse arterioles (TA, 12–15 m)  connected to capillaries
(4–5 m),  via precapillary arterioles (PA, 8–10 m).  Collecting
venules (CV, 8–10 m)  ﬂow from the capillaries into the trans-
verse venules (TV, 15–20 m)  and thus to the arcading venules (AV,
25–55 m).
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Fig. 1. Architecture and morphology of the ureteric microvascular network in situ. (A) The architecture of the ureteric microvascular networks in situ, obtained by taking multi-
ple  serial optical slices in x–y–z direction (Supplementary Movie 1). The network consists of the system of arcade arterioles (AA), paralleled by their counterpart arcade venules
(AV)  and penetrating transverse arterioles (TA), connected to capillaries via precapillary arterioles (PA). Arcade venules (AV) are connected to transverse venule (TV), which are
c ), capi
c  a mon
o f the A
i
o
lonnected to capillaries via collecting venules (CV). (B) Images of AA and TA (i), PA (ii
apillary (ii) and AV (iii), showing monolayer of endothelial cells (EC) surrounded by
f  pericytes observed in PA (i), capillaries (ii), CV (iii), TV (iv) and AV (v). (E) Images oThe walls of the largest vessels, i.e. arcade, terminal and prox-
mal part of precapillary arterioles have a single layer of closely
pposed, circularly orientated myocytes surrounding a mono-
ayer of endothelial cells (Fig. 1Bi,ii and Ci,ii). For the rest of thellaries (iii), and postcapillary venules (iv). (C) Radial sections of AA and TA (i), PA and
olayer of myocytes (SMC) and pericytes (P). (D) Images showing diversity of shapes
A (i), PA (ii), capillary (iii) and AV (iv) stained with ﬂuorescently labelled phalloidin.microcirculatory network, from the distal part of the precapillary
arterioles through to arcading venules, myocytes are absent and
the vessel coat surrounding the endothelial lining is composed
of pericytes morphologically different throughout the network
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Fig. 1Bii–iv). In the distal precapillary arterioles, pericytes have
hick cell bodies, giving an asymmetrical appearance to the wall
nd 2–3 pericytic ﬁnger-like processes tightly wrapping around
he endothelium (Fig. 1Bii and Di; Supplementary Movie 2). Each
recapillary pericyte occupies a length of 10.10 ± 0.48 m of the
essel (n = 15). Capillaries are invested with pericytes which have
ore elongated cell bodies with two long slender processes and
ome short side branches (Fig. 1Biii and Dii; Supplementary Movie
). Each capillary pericyte occupies a length of 30–40 m of the
essel. The entire postcapillary venular network is surrounded
y spidery pericytes, with stellate cell bodies giving slender cell
rojections (Fig. 1Biv and Diii-v). These projections appear to be
andomly oriented with respect to the vessel axis, and overlap
nd/or attach to each other, forming a complicated and dense
etwork in arcade and transverse venules (Fig. 1Biv and Div,v;
upplementary Movie 4). Our live morphological data are in good
greement with those obtained with transmitted and scanning
lectron microscopy [27–29,43].
As well as being morphologically distinct between vessels, the
ericytes also differ in the expression of the contractile protein, -
ctin. Fig. 1E shows confocal images of the arteriolar myocytes and
ericytes of the precapillary arterioles, capillaries and postcapillary
enules, stained in situ with ﬂuorescently labelled phalloidin, to
etect -actin ﬁlaments in the cells. All media cells, except capillary
ericytes (Fig. 1Eiii), stained for -actin, in agreement with previ-
us observations [44]. These observations prompt two  questions:
i) what is the relationship between Ca2+ signals and contraction
f pericytes and (ii) do the non-contractile capillary pericytes have
gonist-stimulated Ca2+ signals?
.2. Ca2+ signalling in myocytes
For these experiments (n = 9–30), three vasoconstrictors were
elected; the central neurohormonal agonists phenylephrine (PE,
–10 M)  and [Arg8]-Vasopressin (AVP, 1–5 nM), and the local ago-
ist, endothelin-1 (ET-1, 1–5 nM). Fig. 2A shows rises of Ca2+ in both
rcade (AA) and precapillary (PA) arterioles during application of
VP. We  found that myocytes in the microcirculation have Ca2+
esponses to vasoconstrictors in the form of repetitive, propagating
a2+ waves (Fig. 2A–C). Line-scan plots, with respect to time, from
everal neighbouring myocytes showed that myocytes had varying
elays to the onset of the Ca2+ rises, and consequently oscillations
id not occur simultaneously in the vessels (Fig. 2B1, white arrows).
he number of cells responding and the frequency of Ca2+ oscilla-
ions for each agonist were dependent on concentration (Fig. 2C
nd D). Importantly, as seen in Fig. 2E and F, the temporal charac-
eristics of the Ca2+ oscillations in myocytes depended more on the
osition of the microvessel within the network rather than whether
he agonist was PE, AVP or ET-1. Thus in response to agonists, Ca2+
scillation duration at 50% peak amplitude, in arcade arterioles was
2.5 s but in transverse and precapillary arterioles was signiﬁcantly
horter at ∼1 s, and the oscillations were almost 3-fold more fre-
uent (Fig. 2E). Although both AVP and ET-1 increased [Ca2+]i in all
yocytes, PE was only effective in arcade and transverse arterioles
n = 15; Fig. 2E, Table 1; Supplementary Movie 5). The ﬁnding that
E, a central agonist, is ineffective beyond transverse arterioles is
onsistent with in vivo studies of nerve stimulation of mesenteric
essels, showing constriction of the small arteries and transverse
rterioles but not precapillary arterioles [7].
Thus we show that for myocytes in the microcirculation, the pat-
ern of Ca2+ responses to vasoconstrictors is mainly determined by
he vessel type not the agonist, which implies there will be differ-
nces in the mechanisms generating Ca2+ signals between vessels,
s explored later.m 54 (2013) 163– 174
3.3. Ca2+ signalling in pericytes
In contrast to the data from smooth muscle cells, the responses
seen in pericytes did not depend on location (n = 11–28). Thus
increases of Ca2+ to AVP and ET-1 were seen at all locations but
no pericytes in any vessel responded to PE or caffeine (Fig. 3A
and B; Table 1; Supplementary Movie 5). Pericytes responded in
an agonist speciﬁc manner to AVP and ET-1 (Fig. 3B). At low con-
centrations (1 nM), AVP produced either no response or elicited
a single Ca2+ oscillation in all sections of pericytic microvessels
(Table 1). At higher concentrations of AVP (5 nM) the signal changed
from one oscillation to several in most pericytes throughout the
network (Fig. 3E), with frequencies of 0.02–0.03 Hz (n = 18). In con-
trast to AVP, in all pericytes, ET-1 (1–5 nM)  caused a single Ca2+
transient which decayed very slowly (Fig. 3B–E). Examination of
Figs. 2 and 3 shows that there are obvious differences between the
characteristics of the Ca2+ signals in myocytes and pericytes. Next
we wished to investigate if these patterns of Ca2+ oscillations, which
varied between vessels, led to differing functional responses in the
microcirculatory vessels.
3.4. Pericyte Ca2+ signalling and venular constriction
Ca2+ transients induced by AVP in pericytes had no effect on
the diameter of capillaries (n = 14; Fig. 3D) but constricted the dis-
tal part of precapillary arterioles and all sections of postcapillary
venules (Fig. 3C–F). Similarly, Ca2+ transients induced by ET-1 in
pericytes also had no effect on the diameter of capillaries but caused
strong and long lasting constriction of precapillary and venular
pericytes (n = 17; Fig. 3D). This resulted in full occlusion of the
precapillary arterioles (Fig. 3Ai and C), strong constriction of trans-
verse venules and more than 50% constriction of arcade venules
(Fig. 3Aiii,iv, C, E, and F; Supplementary Movie 7).
3.5. Smooth muscle cell Ca2+ oscillations and arteriolar
constriction
The aim of experiments such as that illustrated in Fig. 4 was  to
investigate whether the observed calcium signals were sufﬁcient to
close or constrict the vessels or produce vasomotion (Supplemen-
tary Movie 6). Fig. 4B shows that low frequency (<0.05 Hz) Ca2+
oscillations induced by a low concentration of PE (1 M)  resulted
in only uncoordinated transient twitching of individual myocytes
associated with local vasomotion. Similar results were seen with
low concentrations of AVP and ET-1 throughout the arteriolar net-
work. We  found that the functional impact of single cell contraction
depended upon the diameter of the microvessel and was maximal
in the smallest vessels; thus in the precapillary arterioles contrac-
tion of one cell was  sufﬁcient to produce occlusion (Fig. 4C, black
bar), but this was not the case in larger diameter vessels. Increasing
the agonist concentration increased the frequency of oscillations
(Fig. 4B and C) and thence constriction. The higher frequency of Ca2+
oscillations in the myocytes of transverse and precapillary arteri-
oles induced a substantially greater arteriolar constriction (Fig. 4C;
Supplementary Movie 6).
These fundamental novel ﬁndings show that the tight coupling
between the frequency of Ca2+ oscillation and phasic contraction of
the myocytes in the vessel wall regulates arteriolar diameter in situ.
Summation of the individual phasic contractions of each active cell
leads to vessel constriction.
3.6. Ca2+ sources in myocytes and pericytesTo better understand the mechanisms underlying the Ca2+
changes induced by vasoconstrictor agonists in the microvascular
network, we  investigated the effects of (i) caffeine (2–5 mM)  used
to deﬁne the distribution of functional RyR, (ii) 60 mM KCl to deﬁne
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Fig. 2. Heterogeneity of the Ca2+ responses, induced by different vasoconstrictors in ureteric arteriolar network in situ. (A) Image of the the AA and PA during stimulation
with  5 nM AVP. (B) Line-scan plot with respect to time, from several smooth muscle cells (SMCs) (dashed line 1 indicated in A) or individual SMC  of AA (dash–dotted line 2 in
A)  or PA (dashed line 3 in A), showing the asynchronous Ca2+ oscillations in SMCs (white lines). Arrows indicates the corresponding SMC. (C) Representative line scan plots
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he distribution of voltage gated Ca2+ channels, (iii) the reliance on
xternal Ca2+ entry and (iv) role of IP3R and RyR channels in control
f Ca2+ release from internal stores (n = 9–15).
Myocytes in arcade arterioles responded to 2 mM caffeine by
roducing irregular Ca2+ oscillations (Fig. 2E) or a single spike fol-
owed by plateau when used at higher concentrations (5 mM).  In
ontrast, caffeine had no effect on myocytes or pericytes in any
ther vessel, irrespective of the concentration used (Table 1, Fig. 2E,
able 1
Ca2+]i responses of myocytes and pericytes induced by different stimulants in ureteric m
Type of cells and microvessel PE AVP 
SMCs, AA + + 
SMCs,  TA + + 
SMCs,  PA −/+ + 
Pericytes, PA − + 
Pericytes, capillaries − + 
Pericytes, postcapillary venules − + f 1 and 5 nM AVP. (D) Graph showing Ca2+ oscillations in SMCs of TA induced by 1
M PE, 5 nM AVP, 5 nM ET-1, 2 mM caffeine and 60 mM KCl. (F) Mean data showing
 M), AVP (1 and 5 nM), and ET-1 (1 and 5 nM).
Supplementary Movie 5). All myocytes and pericytes through-
out the network responded to high K+ depolarization with a rise
in intracellular [Ca2+]i (Fig. 2E and 3B). In myocytes the high-K+
induced Ca2+ transient was  about 90–100% of the peak amplitude
of the Ca2+ transient induced by AVP, while in pericytes it was  only
∼20–30% of the AVP response (Fig. 3B). In the absence of extracel-
lular Ca2+, caffeine induced SR Ca2+ release was  quickly abolished
(Fig. 5B and C).
icrovascular network in situ.
ET-1 Caffeine High-K+
+ + +
+ − +
+ − +
+ − +
+ − +
+ − +
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Fig. 3. Ca2+ signalling and pericyte mediated constriction of precapillary arterioles, capillaries and postcapillary venules. (A) Images of PA (i), capillary (ii), and AV in tangential
(iii)  and radial (iv) optical sections before (top) and during (bottom) exposure to 5 nM ET-1. (B) Ca2+ transients induced by 5 nM AVP, 5 nM ET-1 and 60 mM KCl in pericytes
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nd  ET-1 (5 nM). (F) Mean data showing vasoconstriction at pericyte site of PA, TV a
The initial component of AVP or ET-1 induced Ca2+ signal in
yocytes and pericytes was little affected even by prolonged expo-
ure to Ca2+-free solution (30–60 min), throughout the arteriolar
nd venular network (Fig. 5A). Myocytes, but not pericytes, retained
heir ability to respond with repetitive Ca2+ oscillations to sev-
ral consecutive applications (3–4) of 5 nM AVP in Ca2+-free media
Fig. 5B and C). Although removal of external Ca2+ had no effect
n the amplitude of the initial spike component, the small sus-
ained component was abolished (Fig. 5B, bottom trace). Also, a
ingle application of AVP in Ca2+ free solution was sufﬁcient to
eplete the Ca2+ store in pericytes but not myocytes (Fig. 5B and C).
n addition, the Ca2+ channel blocker nifedipine (10 M)  blocked
igh-K+ induced Ca2+ transient in myocytes and pericytes but Ca2+
ransients induced by AVP or ET-1 were insensitive to nifedipine
n = 11, data not shown).
The RyR blocker ryanodine (30 M)  abolished the caffeine-
nduced Ca2+ transient in myocytes of arcade arterioles but had
o effect on Ca2+ signalling induced by agonists in myocytes
nd pericytes of all other sections of the arteriolar and venular
etworks including arcade arterioles (n = 9, data not shown). The
on–speciﬁc IP3R channel blocker 2-APB (50 M)  and the SERCA
ump inhibitor CPA (20 M)  blocked Ca2+ transients induced by
gonists in myocytes and pericytes in Ca2+-containing and Ca2+-
ree solution (n = 9, data not shown)..7. Effects of endothelial Ca2+ signalling
We  next examined the role of the endothelium throughout
he microvascular network, in the control of Ca2+ signalling anda2+ transients and changes in diameter at pericyte site of the PA and the capillary
pericytes (1 and 2) and reduction in the diameter of the AV induced by AVP (5 nM)
 caused by AVP (yellow bar) and ET-1 (cyan bar).
vasomotor responses induced by agonists in myocytes and per-
icytes. In these experiments AVP (5 nM)  was used to stimulate
the microvessels as it produced stable and reversible responses
in both cell types. Carbachol (CCh, 1 M)  elevated intracellu-
lar Ca2+ in endothelial cells of all sections of the microvascular
network (Fig. 6A and D). There were however vessel-dependent
differences in the temporal and spatial characteristics of the CCh-
induced Ca2+ transients in the endothelial cells (Fig. 6A and D).
In arcade and transverse arterioles endothelial cells responded
with high frequency Ca2+ oscillations which were asynchronous,
not only among different endothelial cells but also within indi-
vidual cells as we have described earlier [40]. In precapillary
arterioles the Ca2+ transient was  higher in amplitude and had a
distinct plateau component superimposed on slow Ca2+ oscilla-
tions (Fig. 6A and D). In capillaries and all postcapillary venules,
the endothelial Ca2+ transients consisted of a spike followed by
a plateau component. Endothelial cells of arcade and transverse
arterioles also showed spontaneous Ca2+ signals which were vari-
able in amplitude and spatial spread [40]. Activation of endothelial
Ca2+ signalling by CCh reversibly inhibited Ca2+ signals in both
myocytes and pericytes and caused vasodilation in all sections of
the arteriolar and venular network (n = 9; Fig. 6B, E, and G; Sup-
plementary Movie 8). The inhibitory effects of endothelium Ca2+
signalling on IP3 mediated Ca2+ oscillations in myocytes and peri-
cytes, could be caused by activation of Ca2+-dependent constitutive
enzymes COX 1 and/or NOS-3, releasing PGI2 and NO respec-
tively [18]. To investigate the role of PGI2 and NO, we studied the
effects of the COX 1 inhibitor indomethacin (30 M)  and the eNOS
inhibitor L-NAME (50 M).  L-NAME but not indomethacin blocked
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Fig. 4. Ca2+ signalling and myocyte mediated constriction induced by PE, AVP and ET-1 in different sections of arteriolar network in situ. (A) Images of in situ ureteric AA (i),
TA  (ii), and PA (iii) in radial sections taken before (top panel) and during (bottom panel) exposure to 5 nM AVP. (B) Ca2+ oscillations and diameter changes of AA induced
by  1 and 5 M PE. Cell 1 (solid line) is responding throughout and cell 2 (dotted line) only when the concentration of PE was increased to 5 M.  (C) Mean data showing
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rticle.)
he inhibition of AVP-induced Ca2+ oscillations in myocytes and
ericytes (n = 9; Fig. 6F). In addition the NO donor SNAP (50 M)
eversibly blocked AVP-induced Ca2+ oscillations in myocytes and
ericytes, in the absence and the presence of L-NAME (n = 9; Fig. 6C
nd F), associated with the vasodilation of arterioles and venules
Fig. 6G) consistent with NO being the main endothelium derived
elaxing factor inhibiting Ca2+ oscillations in the myocytes and
ericytes.
.8. Arteriolar–venular communication
If myocytes and pericytes are electrically coupled [26] then
ropagating membrane depolarization should allow Ca2+ signals
o propagate within and between the networks. We  have exam-
ned this by pre-treating microvascular networks with the K+
hannel blocker TEA and the L-type Ca2+ channel agonist BayK+ oscillations caused by maximal concentration of PE (green bar), AVP (yellow bar),
nces to color in this ﬁgure legend, the reader is referred to the web version of the
8644. Under these conditions 30% of networks developed sponta-
neous action potentials. In the remainder, action potentials were
evoked with either brief (2–3 s) regional application of PE or a
high-K+ solution resulting in fast, propagating action potentials
[5], which can be followed with Ca2+ sensitive indicators [40]
(Fig. 7; Supplementary Movies 9 and 10). In myocytes from all
sections of the arteriolar network the propagating Ca2+ transient
consisted of 1–3 spikes superimposed on a plateau component
(Fig. 7C). All sections of the arteriolar networks were synchronously
constricted within 500 ms  and the duration of the phasic con-
striction of arteriolar network was 6.5 ± 0.4 s (Fig. 7B). The Ca2+
transient propagated from smooth muscle cells to pericytes of
precapillary arterioles from where it propagated to pericytes of
capillaries followed by invasion into the arcade venules via col-
lecting and transverse venules. This propagation at the capillary
and venular networks was  signiﬁcantly slower (0.2–2 mm/s) than
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Fig. 5. Ca2+ signalling induced by agonists in myocytes and pericytes in Ca2+-free media. (A) Ca2+ signalling induced by 5 nM ET-1 in myocytes and pericytes of all sections
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n the arteriolar (1–2 cm/s) network (Supplementary Movies 9 and
0).
The propagating Ca2+ transient also caused transient phasic con-
triction of all sections of postcapillary venules but not capillaries
Fig. 7A and B). Inhibition of gap junctions by 18--glycyrrhetinic
cid (18--GA, 50 M)  within 15–20 min  of exposure resulted in
ermination of PE-induced axially propagating Ca2+ signals from
rterioles to venules. However, spontaneous Ca2+ signals could still
e observed in some of the myocytes of all sections of the arteri-
lar but not venular networks (Fig. 7D). Nifedipine fully blocked
ynchronized propagating Ca2+ spikes (n = 9, data not shown). Acti-
ation of endothelial cell Ca2+ signalling by CCh resulted in fast and
eversible inhibition of Ca2+ spikes in the absence and the presence
f L-NAME (Fig. 7D and E; Supplementary Movie 10) suggesting
nvolvement of EDHF but not NO, as reported earlier [40].
. Discussion
In this study, we characterize agonist-induced Ca2+ signalling
n myocytes and pericytes in different generations of an intact
icrovascular network in situ and explore the possibility that
ifferences in the Ca2+ signalling within myocytes and pericytes
hape the variable vasomotor responses. Live confocal imaging of
ntact ureteric microvessels in situ [39,40] was used as the morpho-
ogic and structural characteristics of the ureteric microvascular
etworks in situ were retained, making it possible to identify and
ollow the entire course of the network. Although our prepara-
ion and techniques are extremely powerful, we acknowledge that
hese observations were made in the absence of pressure and
ow, although as shown in Supplementary Movie 6 erythrocytes
an be seen moving through the network, and pressures in thesend graphs showing Ca2+ transients induced by several consecutive applications of
in pericytes of AV (3, solid circles), respectively.
vessels will be very low in vivo. We  were able to obtain data from
distributing arcade arterioles, penetrating transverse and precapil-
lary arterioles, capillaries and all sections of postcapillary venules,
which comprise microvascular networks in tissues [27–29,43]. The
use of in situ confocal Ca2+ imaging brings the advantages of study-
ing Ca2+ signalling and vasomotor responses in different parts
of the microcirculation under identical experimental conditions
in vitro, and thus without uncontrolled central factors, as can occur
in in vivo preparations. We measured local and global changes of
intracellular Ca2+ in smooth muscle cells, pericytes and endothe-
lial cells, and correlated these with changes of vessel diameter.
This is, to our knowledge, the ﬁrst time that such a comparative
study of Ca2+ signalling in myocytes and pericytes correlated to
vasomotor responses in microvascular networks in situ has been
documented.
Local paracrine and central vasoconstrictors are shown to
produce different (cell- and vessel- speciﬁc) patterns of Ca2+ oscilla-
tions leading to contraction of pericytes or myocytes. In myocytes
of all sections of the arteriolar network Ca2+ signals appeared as
Ca2+ wave-like oscillations. These resulted from repetitive cycles
of Ca2+ release and reuptake by intracellular stores, since they
could be initiated and maintained for long periods in the absence
of extracellular Ca2+ or in the presence of Ca2+ channel blockers as
was also noted for the myocytes of intrapulmonary arterioles [45].
The Ca2+ oscillations in myocytes of the arteriolar network were
asynchronous between neighbouring cells. Similar results have also
been reported for intrapulmonary arterioles of lung slices [45]. The
frequency of the Ca2+ oscillations and the extent of contraction
induced by agonists in all sections of arterioles were concentra-
tion dependent. However, the frequency observed in transverse
and precapillary arterioles with maximal concentrations of agonists
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Fig. 6. Effects of endothelial Ca2+ signalling on Ca2+ signals in myocytes and pericytes and vasomotor activity in arteriolar and venular networks. (A) Images of the endothelial
cells  of the AA, TA and PA in radial section in the absence (i) and in the presence of 1 M CCh (ii). (B) Images of PA in radial section showing endothelial cells, myocytes and
pericytes at rest (i), in the presence of 5 nM AVP before (ii) and after adding 1 M CCh (iii). (C) Images of TA in radial section of endothelial cells and myocytes at rest (i), in the
presence of 5 nM AVP before (ii and iv) and after adding the NO donor SNAP (50 M) (iii). (D) Ca2+ transients induced by 1 M CCh in endothelial cells of different sections
of  arteriolar and venular networks. (E) Effects of endothelium Ca2+ signalling on AVP induced Ca2+ oscillations in myocytes and pericytes of arteriolar and venular networks.
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as always about 2–3 times higher than those observed in arcade
rterioles. The similarity of the Ca2+ oscillation frequencies within
he same type of arteriole in response to different agonists suggests
hat the difference lies with the coupling of receptor activation
o the generation of Ca2+ oscillations. The ﬁnding that RyRs are
edundant throughout almost the entire microvascular network is
n agreement with suggestions from studies on rat retinal arteriolar
ragments [37] and hamster cremaster muscle arterioles [46]. This
nding along with the lack of dependence on Ca2+ entry suggest
n homogenous basic mechanism for controlling Ca2+ signalling is
resent in the microvasculature and this will be important to how
t functions.
.1. Ca2+ signalling and contraction in pericytesThe strength of our technique is that we can simultaneously,
irectly compare Ca2+ signalling between cell types under identical
xperimental conditions. This enabled us to not only elucidate the
ature of Ca2+-signals in pericytes, which has been little studied of L-NAME. (G) Mean data showing vasodilation of AA and AV preconstricted with
in intact preparations, but also to compare these signals with
those from neighbouring myocytes. We  ﬁnd that Ca2+ signalling in
pericytes is dramatically different from that observed in myocytes
induced by the same agonists under the same experimental condi-
tions. In contrast to myocytes, the pericytes Ca2+ responses depend
on the type of the agonist used and are similar in all sections of
venular network. A number of vasoactive substances can constrict
pericytes [22,24]. ET-1 induced long lasting Ca2+ transients in
pericytes of precapillary arterioles, capillaries and postcapillary
venules while AVP induced low frequency Ca2+ oscillations in the
same pericytes when applied before or after application of ET-1
(Fig. 3E). Despite these differences in temporal characteristics,
Ca2+ transients induced by ET-1 and AVP were resistant to removal
of external Ca2+ or addition of Ca2+ channels blockers. As with
myocytes [40] the Ca2+ signals resulted from PLC/IP3 mediated Ca2+release from the intracellular Ca2+ stores. Ca2+ transients induced
by ET-1 and AVP were associated with strong local contractions
of pericytes resulting in vessel constriction. We  never observed
contraction of capillary pericytes. The lack of contractile response
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Fig. 7. Propagating Ca2+ signalling in microvascular networks pretreated with TEA and BayK 8644. (A (i–iv)) images of a fragment of arteriolar network stimulated by brief
(3  s) application of PE (5 M)  showing initiation of propagating Ca2+ transient in the SMCs of TA (ii) and propagating in both directions to AA, capillaries and venules (iii and iv).
(B)  Ca2+ spike and changes in diameter of the AA and AV. (C) Time course of the PE-induced propagating Ca2+ transient recorded in SMCs of AA, TA and pericytes of capillaries
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E  before and during stimulation of endothelium Ca2+ signalling in the absence and
f capillary pericytes has been reported for some but not all other
issues [22]. It should be noted that the contractile responses
nduced by agonists in pericytes were always much longer than in
yocytes, and this was especially true of the effects of ET-1, which
auses contraction of pericytes lasting up to 7 min.
This novel understanding of pericyte Ca2+ signalling allows us
o conclude that strong and long lasting contraction is an intrin-
ic property of pericytes which can now be explained by long
asting underlying Ca2+ transients, which are also slow to relax.
hese properties make pericytes ideal to mediate long lasting
onic vasoconstrictions. Our data suggest that pericytes regulate
icrovascular diameter in discrete areas of the microvasculature,
nd that this is likely to control regional blood ﬂow. Pericyte medi-
ted constriction of precapillary arterioles could be expected to
educe vascular conductance and the number of opened capillaries.
his may  be viewed as them performing the role of a precapillary
phincter. Pericyte constriction of postcapillary venules would be
xpected to increase post-capillary resistance and reduce regional
ascular volume and venular leak [47]. This would be important in
reventing oedema during inﬂammation.
.2. Propagation of Ca2+ responses
A major conclusion from this work is that myocytes and per-
cytes are electrically coupled. They efﬁciently transmit axially,
egenerative Ca2+ signals within and between arteriolar and venu-
ar networks. This passage is dependent on gap junctions and Ca2+ntry via L-type Ca2+ channels. Coordination of vasomotor activity
ithin and among microvascular networks is integral to the local
ontrol of tissue blood ﬂow. Vasoconstriction initiated at a local site
an conduct along arterioles for several millimetres and manifestsand PA in the absence and the presence of gap junction blocker 18--GA (50 M),
ar network and pericytes of CV initiated in SMCs of AA by brief (3 s) application of
resence of L-NAME, respectively.
as the transmission of electrical signals from cell to cell through
gap junction channels. Direct measurements of membrane poten-
tial have shown that conducted vasomotor responses in arterioles
are associated with rapid propagation of an electrical signal along
the vessel length which is thought to be conducted by the smooth
muscle cells [8,40]. We  show that in the presence of K+ channel
blocker TEA and L-type Ca2+ channel agonist BayK 8644 myocytes
and pericytes are able to generate axially propagating regenera-
tive Ca2+ transients in ureteric microvessels. These data are in good
agreement with recent elctrophysiological data obtained on cap-
illary/arteriole plexuses freshly isolated from the rat retina [26].
We found that the axial transmission between myocytes in the
arteriolar network was  fast (1–2 cm/s) while between pericytes
it was 10–20 times slower. The signal can travel in all direction
and is effectively blocked by gap junction blockers and L-type
Ca2+ channel blockers or removal of external Ca2+ Recently, it
was suggested that capillary pericytes can generate and propagate
hyperpolarizing signals and thus be involved in the mechanisms of
capillary–arteriolar communication using homo-and heterocellu-
lar gap junctions [25,38]. Our data would support this suggestion.
5. Endothelial function
Consistent access to the endothelial cells of all section of the
ureteric microvascular network allowed us to investigate, for
the ﬁrst time, the effects of endothelial Ca2+ signalling on Ca2+
signalling and vasomotor responses in myocytes and pericytes in
situ. Our data revealed that endothelial Ca2+ signalling inhibits
intracellular Ca2+ oscillations in myocytes and pericytes via
L-arginine/nitric oxide pathway and intercellular propagating Ca2+
signals via EDHF [40]. The fact that endothelial Ca2+ signalling or
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O donors inhibit Ca2+ oscillations in myocytes and pericytes in
he presence or absence of external Ca2+ suggest that NO inhibits
he activity of the IP3R channels. The molecular mechanism
y which NO inhibited the IP3R is under current investigation.
ecently the PKG substrate, IRAG, has been identiﬁed in myocytes
nd suggested to block IP3R activation [48,49]. Such a mechanism
ay  contribute to our ﬁndings but needs further investigation.
ur data are in agreement with other studies, which demonstrated
istinct role of NO and EDHF in control of regional and conducted
asodilation [9,11,38].
In summary our data have provided much novel insight into
he microvasculature, a critical part of the circulation and the part
f which we know least. We  have obtained direct data revealing
ot just the nature of the Ca2+ signals in myocytes and pericytes
hrough an intact network, but also shown how these signals
elate to functional responses in the vessels, from closure to sub-
ler changes associated with vasomotion. Future work to perfuse
he network is called for, but an enormous amount of useful data
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